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An I n f r a r e d  Spectrometer U t i l i z i n g  a Sp in  F l i p  Raman Laser ,  
I R  Frequency Synthes is  Techniques, and C02 Laser Frequency Standards 

J. S .  Wel ls ,  F. R. Petersen, 
G. E .  S t r e i t ,  P. D. Goldan and C .  M .  Sadowski 

The c e n t r a l  p a r t  o f  t h i s  spec rometer i s  a cw s p i n  f l i p  Raman l a s e r  which F 
opera tes  between 1900 and 1800 cm . 
c a p a b i l i t i e s  o f  r e s o l v i n g  spec t ra  separated by  0.01 cm and shows promise of  
exceeding t h i s  r e s o l u t i o n  c a p a b i l i t y .  When used w i t h  an op to-acous t ic  d e t e c t o r  
o r  w i t h  a d e t e c t o r  and a f l o w  system, i t  i s  capable o f  making a v a r i e t y  o f  measur 
r e n t s  o f  env i ronmenta l  i n t e r e s t .  Many of  these env i ronmenta l  a p p l i c a t i o n s  r e q u i r  
o n l y  wavelength met ro logy .  

The s p i n  f l i p  l a y r  has s o  f a r  demonstratec 

By us ing  C O  l a s e r  s tandards as f requency re fe rences  and i n c o r p o r a t i n g  
i n f r a r e d  frequency syn thes i s  techniques,  spect roscopy w i t h  t h e  s p i n  f l i p  Raman 
l a s e r  can be p u t  on a frequency met ro logy  bas i s .  A CO l a s e r  has been used w i t h  
a meta l -ox ide-meta l  d iode  t o  syn thes i ze  a known frequency re fe rence  which was 
used t o  s t a b i l i z e  the  CO pump l a s e r .  The MOM diode a l s o  has the p o t e n t i a l  
f o r  measuring the  frequency d i f f e r e n c e  between t h e  SFRL and the  CO pump l a s e r ,  
a s tep  which w i l l  complete abso lu te  f requency measurements w i t h  the  SFRL. The 
progress toward a c h i e v i n g  t h i s  goa l ,  the  p o t e n t i a l  c a p a b i l i t i e s  o f  t h i s  un ique 
spect rometer ,  and some f u t u r e  a p p l i c a t i o n s  a r e  d iscussed.  

2 

2 

Key words: A i r  q u a l i t y  measurements; improved r e s o l u t i o n  spect roscopy;  
i n f r a r e d  spect rometer ;  i n f r a r e d  f requency measurements; s p i n  f l i p  l a s e r ;  
t unab le  I R  l a s e r .  

1 . I NTRODUCT I ON 

As a r e s u l t  o f  c o n t i n u i n g  techno log ica l  development i n  t h e  l a s e r  f i e l d ,  

t unab le  l a s e r  sources a r e  now a v a i l a b l e  and many new p o s s i b i l i t i e s  f o r  h i g h  

r e s o l u t i o n  i n f r a r e d  spect roscopy now e x i s t .  These tunab le  sources i nc lude  the 

dye l a s e r  and pa ramet r i c  a m p l i f i e r s  i n  the  v i s i b l e ,  and d iode  lase rs ,  s p i n  

f l i p  Raman l a s e r s  (SFRL) ,  and wave gu ide  l a s e r s  i n  the  i n f r a r e d .  The s p e c t r a l  

b r i g h t n e s s  o f  these sources has p r e c i p i t a t e d  a r e v o l u t i o n  i n  spect roscopy.  1 

We have cons t ruc ted  a cw s p i n  f 

1800 cm-l. Th is  s p i n  f l i p  l a s e r  has 

2 
r e s o l v i n g  spec t ra  separated by 0.01 

i p  l a s e r  which operates between 1900 and 

s o  f a r ,  demonstrated c a p a b i l i t i e s  o f  

- 1  
cm and shows promise o f  exceeding t h i s  



r e s o l u t i o n .  When s p i n  f l i p  l a s e r  technology i s  combined w i t h  the  i n f r a r e d  

frequency syn thes i s  technology developed a t  NBS,3 one has the  p o t e n t i a l  f o r  a 

unique i n f r a r e d  spectrometer.  Th i s  spect rometer  i s  be ing  developed i n  the f o l l o w -  

i n g  manner. Because o f  the  abso lu te  frequency measurement and s t a b i l i z a t i o n  

work’ w i t h  C02 l ase rs ,  e x c e l l e n t  secondary standards i n  the in te rmed ia te  I R  

s p e c t r a l  r e g i o n  now e x i s t .  One CO dev ice  has been used w i t h  a meta l -ox ide-  

meta l  d iode t o  syn thes ize  a frequency reference w i t h  which t o  s t a b i l i z e  the CO 

pump f o r  the s p i n  f l i p  Raman l a s e r  and thus p r o v i d e  the  r e q u i s i t e  accuracy 

and long term s t a b i l i t y  r e q u i r e d  f o r  h i g h  r e s o l u t i o n  spectroscopy and chemical 

k i n e t i c  s tud ies .  

frequency d i f f e r e n c e  between the  s p i n  f l i p  l a s e r  and i t s  pump, a s tep  which w i l l  

pe rm i t  a b s o l u t e  frequency measurements. 

a b s o l u t e  f requency measurements a r e  ex t remely  use fu l  f o r  c h a r a c t e r i z i n g  p o t e n t i a l  

l a s e r s  and molecu la r  spec ies o f  h i g h  s c i e n t i f i c  and techno log ica l  i n t e r e s t .  

4 
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The d iode has a l s o  demonstrated a p o t e n t i a l  f o r  measuring the  

H igh  r e s o l u t i o n  spectroscopy and 

Our group a l s o  has a novel  N O M  developed op to-acous t ic  (OA) d e t e c t o r  which 

i s  capable o f  measuring i n f r a r e d  a b s o r p t i o n  i n  gases a t  r e l a t i v e  c o n c e n t r a t i o n s  

w e l l  below a p a r t  pe r  m i l l i o n .  Th is  d e t e c t o r  i s  very  u s e f u l  for do ing  spec t ro -  

scopy on atomospher ic p o l l u t a n t s  and c o u l d  be advantageous f o r  i n v e s t i g a t i o n s  

o f  compounds o f  l o w  v o l a t i l i t y  in  techno log ica l  a p p l i c a t i o n s .  

6 

The c a p a b i l i t i e s  w i t h  l a s e r  s t a b i l i z a t i o n ,  i n f r a r e d  frequency synthes is ,  

and h i g h  r e s o l u t i o n  spectroscopy, a long  w i t h  t he  S P i n - f l i P  l a s e r  and t h e  new 

d e t e c t o r  p r o v i d e  US w i t h  un ique o p p o r t u n i t i e s  t o  do SMe r a t h e r  d i v e r s e  exper i -  

ments. 

b ined i n t o  the  spec t roscop ic  system shown i n  F igu re  1 .  

The s p i n  f l i p  l a s e r ,  s t a b i l i z e d  l a s e r s  and o p t o - a c o u s t i c  c e l l  a r e  cam- 

2 
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Some p o t e n t i a l  a p p l i c a t i o n s  u s i n g  t h i s  system a r e :  

Category I (Environmental Problems) 

1.  P o i n t  sampling of atmospher ic  p o l l u t a n t s .  

( l a b o r a t o r y  spec t ra  on c o l  l e c t e d  samples) 

2. Eva lua t i on  of the  OA d e t e c t o r s  f o r  f i e l d  use. 

3. Measurement of chemical k i n e t i c  r a t e s .  

Category I I (Met ro logy  Problems) 

1. Es tab l i shment  of bench mark f requenc ies  f o r  l a s e r  d iode users.  

(moderate r e s o l u t i o n )  

2. Measurement f requenc ies  i n  molecules i nvo l ved  i n  sa tu ra ted  

a b s o r p t i o n  exper iments ( h i g h  r e s o l u t  on) 

3. Measurement of f requenc ies  i n  molecu es w i t h  p o t e n t i a l  f o r  non- 

l i n e a r  l a s e r s  (e.g. no lecu les  where the  energy l e v e l  of i n t e r e s t  

i s  t he  sum of two C02 l a s e r  f requenc ies ,  i . e .  HH3, SiF,,, CH F, e t c . )  
3 

4. Updat ing conven t iona l  mo lecu la r  spect roscopy on molecules of h i g h  

s c i e n t i f i c  i n t e r e s t .  

These a p p l i c a t i o n s  w i l l  be d iscussed i n  some d e t a i l  a f t e r  the f o l l o w i n g  d e s c r i p -  

t i o n  of the  spect rometer  and i t s  assoc ia ted  technology. 

4 
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2. S P I N  F L I P  RAMAN LASER CHARACTERISTICS 

Since many e x c e l l e n t  references e x i s t  on t h e  s p i n  f l i p  l a s e r ,  7,8,9 o n l y  

a rud imentary sketch o f  the  theo ry  w i l l  be g iven.  Our o b j e c t i v e  i s  t o  i n d i c a t e  

how t h e  exper imenta l  v a r i a b l e s  a t  one’s  d i sposa l  (magnet ic f i e l d ,  pump frequency, 

i n p u t  power, c a r r i e r  c o n c e n t r a t i o n ,  temperature c o n t r o l  technique, and lnSb 

resonator  s i z e )  a r e  r e l a t e d  t o  the performance o f  the s p i n  f l i p  Raman l a s e r  

(SFRL). We a l s o  p o i n t  o u t  some l i m i t a t i o n s  o f  t he  l a s e r  ‘O”’ t h a t  a r e  general  l y  

n o t  w i d e l y  p u b l i c i z e d ,  as w e l l  as advantages f o r  c e r t a i n  a p p l i c a t i o n s .  

A use fu l  model i n  d e s c r i b i n g  the Raman s c a t t e r i n g 1 2  i s  i n d i c a t e d  i n  F i g .  

2. The magnet ic f i e l d  s p l i t s  t he  Landau l e v e l s  i n t o  e l e c t r o n  s p i n  down and 

s p i n  up l e v e l s  as shown. One o f  t h e  requirements f o r  s p i n  f l i p  l a s i n g  i s  t h a t  

t he  magnet ic f i e l d  be s t r o n g  enough t o  l i f t  t h e  upper s p i n  l e v e l  ( s p i n  down) 

above the  Fermi l e v e l .  The magnet ic f i e l d  a t  which t h i s  occurs i s  c a l l e d  the  

quantum l i m i t .  The diagram on t h e  l e f t  i n d i c a t e s  a f i e l d  below the  quantum 

l i m i t .  

b! i th the  upper l e v e l  above the  Fermi l e v e l  as shown on r i g h t  hand s i d e ,  

one can v iew the  Raman s c a t t e r i n g  process as one i n  which the  pump photon o f  

energy hv i s  absorbed, e x c i t i n g  an e l e c t r o n  from t h e  va lence band t o  the 

empty upper l e v e l ,  l e a v i n g  a h o l e  i n  t h e  va lence band. T h i s  h o l e  i s  f i l l e d  by 

an e l e c t r o n  from t h e  lower Landau l e v e l  ( s p i n  up) which drops down t o  f i l l  

t h e  h o l e  a l o n g  w i t h  t h e  emiss ion o f  a photon o f  energy hv which i s  s h i f t e d  

f rom t h e  pump photon by g”  BH. T h i s  whole process (non-zero m a t r i x  elements 

of the  d i p o l e  o p e r a t o r  between t h e  conduc t ion  band, w i t h  i t s  pure s p i n  up or  

s p i n  down s t a t e s ,  and t h e  valence band) i s  made p o s s i b l e  by t h e  f a c t  t h a t  the 

va lence band s t a t e  i s  a l i n e a r  combinat ion o f  s p i n  up and s p i n  down s t a t e s .  

T h i s  mixed s p i n  s t a t e  i s  due t o  the  s p i n - o r b i t  i n t e r a c t i o n .  A t  t he  end o f  the procest 
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t he re  i s  one more e l e c t r o n  i n  the  upper l e v e l  and one less  i n  the lower l e v e l ;  

hence the n e t  e f f e c t  o f  the process i s  t o  f l i p  the  s p i n  o f  one e l e c t r o n  i n  the  

conduct ion band. The more general  process i n v o l v e s  v i r t u a l  t r a n s i t i o n s  and the 

exact match between photons and energy l e v e l s  suggested i n  F ig .  2 i s  no t  r e q u i r e  

The spontaneous ou tpu t  frequency, v i s  g i ven  by 
S ’  

v = v t g*BH 
S P 

J- 
where v i s  the  pump frequency, g the e f f e c t i v e  g - f a c t o r ,  B i s  the Bohr 

magneton, and H the  magnet ic f i e l d  i n t e n s i t y .  Using an e f f e c t i v e  g - f a c t o r  

of 45, one ge ts  an approximate va lue o f  23 cm 

P 

- 1  per  Tes la f o r  a tun ing  r a t e .  

I n  p r a c t i c e ,  the  f a c t  t h a t  the  lnSb i s  a resonator  ca :p l i ca tes  the tun ing  

ra te .  Modes i n  the  resonator  have f requenc ies ,  v g iven  by R ’  

C 
VR = - m 

2Ln 

where c i s  the speed o f  l i g h t ,  L i s  the  resonator  leng th ,  n i s  the  index o f  

r e f r a c t i o n ,  and m i s  an a x i a l  mode number. For a 7mm l ong  lnSb c a v i t y ,  t h i s  

mode spacing i s  about 5.15 G H t  or 0.0075 Tesla.  

Because o f  the  ex i s tence  o f  these c a v i t y  modes the ou tpu t  frequency o f  the 

s p i n  f l i p  l a s e r  i s  n o t  the  same cont inuous f u n c t i o n  o f  magnet ic f i e l d  as i s  

t h e  spontaneous frequency i n d i c a t e d  by v . As the  magnet ic f i e l d  i s  swept, 

t he  output f requency may change a t  a r a t e  l e s s  than p r e d i c t e d  f o r  vs, 

then hop i n  a d i s c o n t i n u o u s  manner t o  the  nex t  h ighe r  frequency mode. 

These fea tures  a r e  r e f e r r e d  t o  as mode p u l l i n g  and mode hopping.13 

from competing processes due t o  the  d i s c r e t e  modes i n  the  ind ium ant imonide 

resonator .  

S 

They r e s u l t  

7 



The o u t p u t  f requency i s  g i v e n  by the  express ion  13 

'Rrs + 'srR v =  
R 

r + r  
S 

where T R  i s  the  resonator  l i n e w i d t h  and r 
f o r  t he  Raman s c a t t e r i n g  process. ( r  i s  approx imate ly  the  l a s i n g  bandwidth 

f o r  the  s p i n  f l i p  l a s e r ) .  T y p i c a l  va lues  a r e  0.15 cm f o r  TR and 0.04 cm-l 

f o r  I' f o r  e l e c t r o n  concen t ra t i ons  on the  o r d e r  of 8 x 10 cr1 . 

i s  the  spontaneous l i n e w i d t h  
S 

S 

- 1  

15 - 3  
S 

1 4  I n  p r a c t i c e ,  one can opera te  i n  the  so  c a l l e d  s p i n - s a t u r a t i o n  regime 

(where the  power i s  l i m i t e d  by the r e l a x a t i o n  r a t e  from the  s p i n  down t o  s p i n  

up l e v e l )  w i t h  severa l  c l o s e l y  spaced o f f - a x i s  modes o p e r a t i n g  s imu l taneous ly  

and t h i s  mode hopping behav io r  i s  n o t  d i s c e r n i b l e .  The r e s u l t i n g  l i n e w i d t h  

( t h e  o r d e r  o f  0.01 cm ) i s  s t i l l  o f t e n  l e s s  than pressure  broadened l i n e s  of  
- 1  

gases o f  i n t e r e s t  i n  c e r t a i n  a p p l i c a t i o n s ,  as i s  shown. la te r .  

The coarse t u n i n g  i s  accomplished by pumping the  s p i n  f l i p  l a s e r  w i t h  

d i f f e r e n t  C O  l a s e r  t r a n s i t i o n s .  T h i s  method t u r n s  ou t  to  be p r e f e r a b l e  i n  

some ins tances  t o  l a r g e  t u n i n g  w i t h  a super conduct ing  magnet f o r  reasons 

appear ing i n  the  nex t  paragraph. The preceeding d i s c u s s i o n  i n d i c a t e s  the  

obv ious  f requency dependence on the  pump f requency and magnet ic  f i e l d .  A 

more s u b t l e  magnetic f i e l d  dependence r e l a t i n g  to  the  i n t e n s i t y  appears i n  

the  f o l l o w i n g  d i scuss ion .  

I n  o r d e r  t o  opera te  a t  f requenc ies  f a r  f r o m  the  energy gap, i . e . ,  about 

- 1  14 
50 t o  200 cm away, i t  i s  necessary t o  cons ide r  the  l a s i n g  c o n d i t i o n ,  

8 



where G and c1 a r e  the  g a i n  and loss  per  u n i t  length,  L i s  t h e  resonator  l e n g t h  

and R i s  t h e  sample r e f l e c t a n c e .  O f  p a r t i c u l a r  importance i n  t h i s  express ion 

i s  the g a i n :  

where Io i s  the i n t e n s i t y  a t  the c r y s t a l  which depends on the pump power available 

and the  f number o f  t h e  i n p u t  l ens .  The resonance enhancement f a c t o r ,  S ,  i s  

g i v e n  by: 

S - A  1 
2 

V 

V V 
r 

P 
J 

J. 

where hvr (H) = E ,  + (!L + 4) h U; Those q u a n t i t i e s  n o t  p r e -  

v i o u s l y  d e f i n e d  inc lude ,  R, t he  o r b i t a l  quantum number, A,  a cons tan t  o f  t h e  

o r d e r  o f  2 .3  x and N the excess ( s p i n  up over  s p i n  down) e l e c t r o n  

concen t ra t i on .  

t op  o f  the va lence band and t h e  bottom of t h e  upper s p i n  s t a t e  o f  the p a r t i -  

c u l a r  Landau l e v e l  (and hence depends on magnet ic f i e l d )  i nvo l ved  i n  the  

s c a t t e r i n g  process. 

c o n c e n t r a t i o n )  d i c t a t e  keeping H small and accompl ish ing t h e  gross t u n i n g  

by s e l e c t i n g  a pump frequency v 

(H) + 4 gaBH. 
d 

e 

The product  h vr(H) i s  t h e  energy d i f f e r e n c e  between the 

The dependence o f  v r  on H may (depending on sample 

c l o s e r  t o  t h e  d e s i r e d  SF f requency. 
P 

The resonance f a c t o r  p resen ts  some d i f f i c u l t i e s  as one moves away f r om 

3 t he  energy gap. Table 3 i n d i c a t e s  t h e  r e l a t i v e  value o f  S/v a t  d i f f e r e n t  

Pump f requencies.  

P 

The most e f f e c t i v e  method o f  compensating f o r  the  

9 
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decreased g a i n  a t  lower f requencies i s  t o  increase the  pump i n t e n s i t y ,  however 

some l i m i t a t i o n s  e x i s t  here.  One can a l s o  increase the  c a r r i e r  c o n c e n t r a t i o n ,  

however t h i s  i s  p a r t i a l l y  compensated by an increase i n  t h e  spontaneous l i n e -  

w i d t h  rs. 
by t h e  f o l l o w i n g  p r o p o r t i o n a l i t y .  

r and the  Fermi l e v e l  a r e  r e l a t e d  t o  the c a r r i e r  c o n c e n t r a t i o n  
S 

15 

Since the Fermi l e v e l  i s  a l s o  r e l a t e d  t o  the c a r r i e r  c o n c e n t r a t i o n ,  the 

upper s p i n  leve l 'moves through t h e  Fermi l e v e l  a t  d i f f e r e n t  magnetic f i e l d s  f o r  

d i f f e r  n t  concen t ra t i ons .  The Fermi l e v e l  a l s o  i s  somewhat magnetic f i e l d  

(as we 1 as temperature) dependent. The p r imary  p r a c t i c a l  r e s u l t s  r e l a t e  

t o  two c o n s i d e r a t i o n s .  One i s  the  power o u t p u t  as a f u n c t i o n  o f  magnet ic 

f i e  

Her 

f i e  

i t  

d. T h i s  i s  b e s t  i l l u s t r a t e d  by F i g .  3 which shows some r e s u l t s  by the 

16 
o t  Watt group. The s p i n  f l i p  l a s e r  power ou tpu t  i s  p l o t t e d  vs magnet 

d f o r  two d i f f e r e n t  e l e c t r o n  concen t ra t i ons .  For some exper iments,  

s d e s i r e a b l e  to  have the most power p o s s i b l e  a t  0 .2  Tes la,  hence a 2 2 

C 

5 

15 3 x 10 /cm sample i s  p r e f e r a b l e .  A second c o n s i d e r a t i o n  i s  t o  o b t a i n  the 

narrowest  p o s s i b l e  l i n e w i d t h .  I n  t h i s  case i t  i s  advantageous t o  choose a 

l o w  c o n c e n t r a t i o n  sample where r and t h e  g a i n  bandwidth a r e  sma l le r .  I n  

t h i s  case, i t  would a l s o  be p r e f e r a b l e  t o  s e l e c t  t he  s p e c t r a l  f e a t u r e  o f  

S 

i n t e r e s t  t o  be c l o s e  t o  the  lnSb band gap. 

Several  d i f f e r e n t  techniques e x i s t  f o r  c o o l i n g  the  lnSb resonator  t o  

t h e  d e s i r e d  2 K  t o  20K reg ion .  One technique i s  t o  use a commercial c ryogen ic  

r e f r i g e r a t o r  i f  one's  budget p e r m i t s  t h i s  i n i t i a l  i nves t imen t .  The o t h e r  
t 

t w o  methods i n v o l v e  t h e  use o f  l i q u i d  he l ium,  e i t h e r  f o r  immersion i n  the  

1 1  
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l i q u i d ,  o r  c o o l i n g  by a c o l d  f i n g e r .  Each technique has bo th  advantages a n d  

drawbacks. We have used bo th  techniques i n  ou r  o p e r a t i o n .  

For immersion, we have found ZnS windows sealed w i t h  a s u i t a b l e  low 

temperature epoxy t o  g i v e  f a i r l y  r e l i a b l e  o p e r a t i o n ,  a l t hough  a vacuum f a i  

may occur  upon repeated r e c y c l i n g .  Pumping on the he l i um t o  get  below the 

lambda p o i n t  i s  mandatory i n  o r d e r  t o  a v o i d  s c a t t e r i n g  o f  t he  i n f r a r e d  rad 

by bubbles i n  the  hel ium.  The dewar r e q u i r e s  over n i g h t  p r e c o o l i n g  w i t h  1 

n i t r o g e n  before he l i um t r a n s f e r  i f  he l i um consumption i s  t o  be min imized.  

u r e  

a t  ion 

q u i d  

The 

a d d i t i o n a l  se t  o f  windows i n  c o n t a c t  w i t h  the l i q u i d  he l i um can present  some 

i n t e r f e r e n c e  problems, p a r t i c u l a r l y  i f  the window c o a t i n g s  a r e  n o t  good. The 

major advantage o f  t h i s  technique i s  t h a t  one can be reasonably c e r t a i n  o f  the 

lnSb s u r f a c e  temperature.  

Cold f i n g e r  o p e r a t i o n  i s  s i m p l e r  once the  i n i t i a l  d i f f i c u l t i e s  a r e  ove r -  

come. The c o l d  f i n g e r  i n  ou r  apparatus i s  cons t ruc ted  o f  oxygen- f ree h i g h -  

c o n d u c t i v i t y  copper w i t h  about 2 -3  mm th i ckness  s e p a r a t i n g  t h e  l i q u i d  he l i um 

from the lnSb resona to r .  Vapor d e p o s i t i o n  of  gold17 on one s u r f a c e  o f  t he  lnSb 

appears t o  improve the indium s o l d e r  bond between the  sample and the c o l d  

f i n g e r .  Our procedure i s  t o  p recoo l  t h e  h e l i u m  r e s e r v o i r  w i t h  l i q u i d  n i t r o g e n  

then syphon t h i s  l i q u i d  t o  t h e  n i t r o g e n  r e s e r v o i r  o f  t he  double dewar. Th is  

procedure reduces lead t ime f o r  he l i um t r a n s f e r  t o  about 30 minutes.  Cold 

f i n g e r  o p e r a t i o n  i s  t he  obv ious s o l u t i o n  f o r  o p e r a t i o n  w i t h  the  resonator  

e x t e r n a l  t o  the  lnSb c r y s t a l .  However, seve ra l  undes i reab le  e f f e c t s  may be 

p resen t  i n  t h i s  c o n f i g u r a t i o n .  For i ns tance ,  t h e  o u t p u t  power may be l ess  

s t a b l e  than i n  the  immersed case. A lso,  i f  the  i n p u t  beam i s  chopped, the 

c r y s t a l  can change temperature by l a r g e r  amounts which can g i v e  r i s e  to  a 

f requency modulat ion,  o r  c h i r p i n g .  To da te ,  however, we have n o t  observed 

these e f f e c t s .  



3 .  CARBON MONOXIDE PUMP LASER 

An i d e a l  pump l a s e r  f o r  t h e  s p i n  f l i p  l a s e r  would be one whose l i n e s  

a r e  separated by about 50 G H t ,  w i t h  seve ra l  w a t t s  o f  power a v a i l a b l e  on 

each l i n e .  U n f o r t u n a t e l y  such a l a s e r  has y e t  t o  be developed. The nex t  

bes t  l a s e r  i s  perhaps the  CO l a s e r .  

may be ob ta ined  f rom the  f o l l o w i n g  term va lue  express ion.  

The energy va lues  fo r  the  12C160 l a s e r  

18 

1 + J(J+1) Be- Q (v++) + ye(v+f)  2 - he(v++)3 + I .  

where the  cons tan ts  have the  va lues ,  g i v e n  i n  cm -1 as i n d i c a t e d  below: 

w = 2169.813 5802(881) e 

B = 1.931 280 8724(443) 
e 

'e 

'e e e  

e e  e 

e e e  

= 13.288 3076(435) 

= 1.05 1127(758) X 

*eXe 

= 1.750 441 21 (729) X l o - *  

= 5.487 OO(186) X l o e 7  w z = -5.7440(541) X lo" 

w a = 9.831(162) X 6 = 2.541(156) X l o e 8  

w b = 3.1660(173) X D = 6.121 468(291) X 

1 4  



B = 1.526(199) X 10’’ 
e 

II = 1.8050(154) X lo-’’ 
e 

H = 5.8272(597) X 
e 

= 1.7375(229) X 
‘e 

The l a s e r  f requenc ies  a r e  the  term d i f f e r e n c e s  

T ( v  + 1. J + 1 )  - T ( v,J) 

where v i s  the  v i b r a t i o n a l  quantum number and J i s  the  r o t a t i o n a l  quantum 

number. The r e s u l t i n g  frequency d i f f e rences  between l e v e l s  a r e  i n d i c a t e d  

i n  F i g .  4 which p o i n t s  up the  frequency spacing problem. 

Since carbon monoxide l ase rs  a r e  n o t  r e a d i l y  a v a i l a b l e  commerc ia l ly ,  we 

have cons t ruc ted  and used severa l  l a s e r s  designed a t  NBS.  We desc r ibe  model I I  

which i s  c u r r e n t l y  i n  use. Th is  l a s e r  operates over  a 1900-1700 cm range 

and was designed fo r  h i g h  ou tpu t  power a t  6 pm t o  compensate f o r  the f a l l  o f f  i n  

- 1  

resonance enhancement as one moves away f r o m  the  band gap. 

The resonator  frame c o n s i s t s  o f  1 5  cm square aluminum end p l a t e s  which 

a r e  epoxied t o  4 q u a r t z  rods, each 2 m long by 2.5 cm i n  d ameter.  One end 

p l a t e  ho lds  a g r a t i n g  m o h t  w i t h  an i n t e g r a l  micrometer  d r  ve; t h e  o the r  end 

p l a t e  suppor ts  a m i r ro r  ho lde r  d r i v e n  by a PZT p i e z o e l e c t r i c  s tack  o r  t ransducer .  

Ad jus tab le  i r i s e s  a t  each end a r e  used t o  f o r c e  the  l a s e r  t o  o s c i l l a t e  on a TEM 

mode. Power i s  coupled out o f  the  c a v i t y  th rough a 7mR. 90% r e f l e c t i v i t y  

m i r ro r .  The second su r face  i s  f l a t  and AR coated. The t ransmi t tance  o f  the 

nomina l l y  90% r e f l e c t i v i t y  m i r r o r  i s  shown i n  F i g .  6 .  The t ransducer  can move 

the  m i r r o r  about  10 Um. The sweepable d r i v e  v o l t a g e  for  t h e  t ransducer  comes 

f rom a s tandard  NBS u n i t  which was developed for  l a s e r  s t a b i l i z a t i o n .  The 

d r i v e  u n i t  has p r o v i s i o n s  for  d i t h e r i n g ,  ramping, and servo  c o r r e c t i o n .  The 

o t h e r  end o f  t h e  resonator  i s  te rmina ted  by an a d j u s t a b l e  g r a t i n g .  We have 

oc 
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at tempted t o  make a compromise between l a r g e  d i s p e r s i o n  and hav ing a reasonable 

ang le  ( t h e  d i f f r a c t e d  beam misses the  r e a r  o u t p u t  window f o r  l a r g e  angles)  t o  

p e r m i t  use o f  t h e  sma l le r  power o u t p u t  f rom the  g r a t i n g .  

i n  use has 240 groves/mm and a 26' 4 5 '  b l a z e  angle.  

f o r  S p o l a r i z a t i o n  f a l l s  from about 95% to  5 pm t o  90% a t  6 pm f o r  t h i s  model. 

Table I I  shows t h e  r e l a t i v e  power o u t p u t  versus frequency f o r  t h e  CO l i n e s  

which t y p i c a l l y  o s c i l l a t e  i n  t h i s  l a s e r .  

The p a r t i c u l a r  g r a t i n g  

The r e l a t i v e  e f f i c i e n c y  

1 9  

The 10 mm I . D .  d scharge tube i s  192 cm long w i t h  Brewster windows a t  

each end. A i r  spaces between t h e  windows and resonator  r e f l e c t o r s  a r e  sealed 

w i t h  be l l ows  t o  a v o i d  a i r  c u r r e n t s  i n  the  o p t i c a l  path.  The d i scha rge  i s  

s p l i t  w i t h  a s i n g l e  anode i n  t h e  c e n t e r  and cathodes a t  each end t o  a v o i d  undue 

h e a t i n g  due t o  i o n  bombardment which would r e s u l t  f rom t h e  s i n g l e  cathode 

arrangement. A l l  t h r e e  e l e c t r o d e s  a r e  p l a t i n u m  ' ' ho l l ow  cathode' '  elements. 

A 30 mm O . D .  c o n c e n t r i c  c o o l i n g  j a c k e t  surrounds the  d i scha rge  tube proper  

and a 4 mm ID tube which connects the d i scha rge  t o  a b a l l a s t  r e g i o n  a l s o  a l l o w s  

communication from the  anode t o  b o t h  cathodes. T h i s  connect ion i s  ve ry  b e n e f i c i a l  

i n  "sealed o f f "  systems; o the rw ise ,  t h e  power g r a d u a l l y  d im in i shes  d u r i n g  the  

course o f  t he  day due t o  i m p u r i t y  b u i l d  up assoc ia ted  w i t h  ca taphores i s .  

The connec t ing  tube has s t o p  cocks between t h e  anode and each cathode t o  

prevent  t h e  d i scha rge  f rom f i r i n g  through t h e  connec t ion  tube a t  s t a r t  up. The 

d i scha rge  tube i s  shown i n  F i g .  5. 

Two d i f f e r e n t  c o o l i n g  schemes a r e  used. I n  bo th  cases methyl-cyclohexane 

i s  used as the c o o l a n t .  Th i s  c o o l a n t  does n o t  e x h i b i t  t h e  v i s c o s i t y  of e t h y l  

a l c o h o l  a t  reduced temperatures and does n o t  f r e e z e u n t i l  147  K. I n  one scheme, 

t h e  methylcyclohexane i s  c i r c u l a t e d  th rough  a heat  exchange c o i l  immersed i n  a 

m i x t u r e  o f  d r y  i c e  and a l c o h o l .  A temperature o f  2O3K can be mainta ined w i t h  



Table I I  

Multiline power output vs frequency for CO pump laser. 
Grating micrometer Operating frequency 
reading in 0.001 cm 

945 1915 
936.5 191 1 
926.5 1906 

region in cm-1 

918.5 i 902 
907.5 1898 

8 98 1894 
878 1884 
368.5 1880 

c 858.5 1876 

835 1867 
828.5 1863 

848 1872 

808.5 1855 
798 1851 
788 1847 

777 1842 
763.5 1837 
75 7 1834 

736 1826 
744.5 1830 

724.5 1822 
714 1817 
709.5 181 3 
692 i 809 
680.5 i 805 
669 1801 
636 1788 
62 5 1784 
61 5 1780 
600 1776 
579 1767 
568.5 1763 
556.5 1759 
545 1755 
530 1751 

520 1747 
5 08 1743 
496 1738 
480 1733 
469 1729 
456.5 1726 
445 1722 
42 1 1714 
404 1709 

4 

Power relative 
to maximum output 

.24 

.28 

.45  

.32 

.36 

- 55 
.65 
.81 
.77  
. 8 3  
. 2 4  
77 

.99 
1 .oo 

.76 

.73 

.26 

.73 

.26 

.44 

.86 
- 55 
.72 
.75 
.46 

- 4 5  
* 53 
.60 
.34 
.36 
.47 
.49 
.43 
.44 
* 34 

19 
.34 
.37 
.10 
.24 

.28 

.26 

.18 
* 14 
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t h i s  arrangement. A t  l a s e r  o p e r a t i o n  near 6 pm, however, lower temperatures 

a r e  r e q u i r e d  and a second c o o l i n g  c o i l  i n  s e r i e s  w i t h  the  f i r s t  i s  immersed i n  

a methylcyclohexane bath.  

i n  t h i s  b a t h c o o l s  the methylcyclohexane t o  near i t s  f r e e z i n g  p o i n t .  

t h i s  system, a temperature of  158OK can be a t t a i n e d .  

bypassed f o r  5.;-5.5 um o p e r a t i o n .  

L i q u i d  n i t r o g e n  f l o w i n g  through an a d d i t i o n a l  c o i l  

Wi th  

Th is  second stage i s  

The gas f i l l  m i x t u r e  i n  the C O  l a s e r  2o i s  a premix o f  6.3% Xenon, 

6.3% n i t r o g e n ,  G.?% carbon monoxide and the  balance i s  he l i um.  Typ ica l  f i l l  

pressures va ry  between 2,000 and 2,700 Pa ( 1 5  and 20 T o r r ) ,  depending on the 

intended o p e r a t i n g  temperature.  The d ischarge c u r r e n t  i s  t y p i c a l l y  around 10mA. 

Each s i d e  o f  d i scha rge  i s  powered by a 25 kv power supply w i t h  200 k ohms o f  

b a l l a s t  r e s i s t a n c e  i n  the  c i r c u i t .  

The t ransducer  c o n t r o l l e d  m i r r o r  pe rm i t s  one t o  a d j u s t  the frequency o f  the 

C O  l a s e r  w i t h i n  i t s  ga in  p r o f i l e .  A re fe rence  frequency i s  synthes ized by a 

method desc r ibed  i n  the nex t  s e c t i o n .  The C O  l a s e r  frequency i s  locked 

30 MHz away from t h i s  re fe rence  frequency by means o f  a 30 MHz d i s c r i m i n a t o r ,  

an o p e r a t i o n a l  a m p l i f i e r  and f i l t e r ,  and the  p r e v i o u s l y  mentioned d r i v e r  u n i t  

which adds the a m p l i f i e d  c o r r e c t i o n  v o l t a g e  t o  the  b i a s  v o l t a g e  a l ready  on 

the PZT t ransducer .  
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If. I NFRARED FREQUENCY SYNTHES I S TECHNIQUES 

One o f  t he  pr ime o b j e c t i v e s  o f  t he  i n f r a r e d  frequency syn thes is  ( I F S )  

program a t  the Na t iona l  Bureau of Standards (NBS),  was t o  determine the 

frequency o f  the  3.39 pm P ( 7 )  t r a n s i t i o n  i n  methane. I n  the  process o f  

ach iev ing  t h i s  goal ,  two d e f i n i t i v e  CO l a s e r  f requency measurements were 

made.3 

mine va lues f o r  s t a b i l i z e d  CO l a s e r  f requencies was undertaken and completed 

a t  NBS. By u s i n g  two C02 l ase rs ,  a k l y s t r o n ,  and an approp r ia te  d iode one 

may syn thes ize  any frequency between 0 and 100 THz.  A l i s t  o f  two- laser ,  

CO combina t ions for  g e n e r a t i n g  f requenc ies  i n  t h i s  fash ion  has been compiled. 

More r e c e n t l y ,  the  I F S  technique has been used to measure the  f requency o f  

the  Xenon l a s e r  a t  2.0 pm.22 A long term o b j e c t i v e  has been to extend the  

technique t o  the  v i s i b l e .  A secondary o b j e c t i v e  i s  t o  l a t e r a l l y  extend the  

technique t o  use the  CO l a s e r  syn thes i ze r  w i t h  tunab le  l a s e r s  and make 

abso lu te  f requency measurements. 

2 

Using these two f requencies as a bas is ,  a thorough program t o  de te r -  

2 
4 

21 

2 

2 

An example o f  two- laser  i n f r a r e d  frequency syn thes i s  i s  shown i n  F i g .  7. 

To a c c u r a t e l y  measure the  f requency o f  a l ase r ,  vE1, a frequency, vS, which i s  

c l o s e  t o  the f requency tu be measured, must be synthes ized.  The d i f f e r e n c e  

between these t w o  f requenc ies  i s  an i n te rmed ia te  frequency, U I F ,  t y p i c a l l y  

l ess  than one G H t .  The unknown l a s e r  f requency i s :  

v = vs k V I F  M 

v 

a r e  b a s i s  l a s e r  f requenc ies  which have been determined by p r i o r  

= Rv, + mv2 + nv S 

v, and v 

syn thes i s  measurements, and v i s  a microwave frequency. The q u a n t i t i e s  

2 

lJw 

22 
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2 ,  m, and n a r e  harmonic numbers which a r e  a l l owed  b o t h  p o s i t i v e  and n e g a t i v e  

va lues.  The q u a n t i t y  (1 + I R I  + I m l  + I n [ )  i s  c a l l e d  the  m i x i n g  o r d e r .  23 

The harmonic g e n e r a t i o n  as w e l l  as t h e  m i x i n g  which produces t h e  i n t e r -  

mediate f requency t o  be measured, occurs i n  a s u i t a b l e  d iode,  t y p i c a l l y  a 

tungsten ca twh iske r  on a n i c k e l  base. 2 4 ' 2 5  

i n  F i g .  7. F i r s t ,  t h e  l a s e r  beams a r e  p o l a r i z e d  w i t h  t h e  e l e c t r i c  f i e l d  

v e c t o r  i n  a p lane  which c o n t a i n s  t h e  ca twh iske r  antenna. Second, t h e  

angles between t h e  l a s e r  beams and antenna a r e  g i v e n  by l ong -w i re  antenna 

theo ry .  Accord ing t o  t h i s  theo ry ,  t h e  ang le  between t h e  antenna d i r e c t i o n  

and the d i r e c t i o n  o f  t h e  f i r s t  maximum i n  t h e  r a d i a t i o n  p a t t e r n  i s  g i v e n  by 

Two r e l e v a n t  p o i n t s  a r e  i n d i c a t e d  

26 

0.371X e = cos- '  ( 1 - ) ma x 

where X i s  t h e  wavelength o f  t h e  r a d i a t i o n  be ing  coupled t o  the antenna and L 

i s  t he  d i s t a n c e  between t h e  t i p  o f  t he  tungsten w i r e  and some d i s c o n t i n u i t y  

i n  the  w i r e ,  e i t h e r  i n  shape o r  d i r e c t i o n .  A l though some c o n t e n t i o n  e x i s t s  

as t o  the  type o f  c o u p l i n g  t h a t  p r e v a i l s  a t  3 . 3 9  urn (perhaps a c o n i c a l  antenna) 

our  exper iments i n d i c a t e  t h a t  t he  l ong  w i r e  antenna theo ry  i s  a p p l i c a b l e  a t  

5 . 3  um. 

l e n g t h  a t  100 um. The unetched d iameter  of  t h e  antennas used i n  t h i s  work 

i s  25 um. 

3 

0 0 
Our measured v a l u e  o f  Om = 11 2 1 i s  commensurate w i t h  t h e  antenna 

The p h y s i c a l  mechanism o f  t h e  harmonic g e n e r a t i o n  i n  these d iodes i s  

n o t  u n i v e r s a l l y  agreed upon. Theor ies p o s t u l a t i n g  asymmetric t u n n e l l i n g  due 

t o  geometry, quantum mechanical s c a t t e r i n g ,  f i e l d  emiss ion,  and b a r r i e r  

t u n n e l l i n g  have been made. I n  some o f  t he  t u n n e l l i n g  t h e o r i e s  v o l t a g e  i s  

cons idered the  independent v a r i a b l e ;  i n  o t h e r s  t h e  c u r r e n t  appears as the  

wave fundamental q u a n t i t y .  S ince t h e  antenna c o u p l i n g  tends t o  be assoc ia ted  

24 



1 

a 

w i t h  g e n e r a t i o n  o f  c u r r e n t s  and t h e  ex i s tence  o f  c u r r e n t s  near ld4 Hz 

has been demonstrated, t h i s  l a t t e r  t heo ry  has c o n s i d e r a b l e  appeal .  

The e s s e n t i a l  ideas o f  one t u n n e l l i n g  theory27 a r e  as f o l l o w s .  

The d iode  c o n s i s t s  o f  two d i s s i m i l a r  me ta l s  ( n i c k e l  and tungsten i n  o u r  

case) separated by some u n s p e c i f i e d  i n s u l a t i n g  b a r r i e r ,  p robab ly  an ox ide  

which i s  severa l  l a t t i c e  parameters t h i c k .  I f  0 1 and 0, a r e  t h e  w o r k  

f u n c t i o n s  f o r  meta ls  one and two and V i s  t he  v o l t a g e  between t h e  two 

meta ls ,  the expressions f o r  t he  e l e c t r o n  t u n n e l l i n g  c u r r e n t s  q i v e n  by 

26 Simmons a r e :  

1 

f o r  V 20 and 
I 

f o r  v<o 

The q u a n t i t y  A i s  t h e  c o n t a c t  area o f  the  d iode,  which may correspond 

t o  a 500 - 100 A r a d i u s  o f  t he  t i p ,  and t i s  t h e  approximate b s r r i e r  t h i ckness ,  

15 - 20 A .  T i s  g i v e n  by 

0 

0 

where t 

problem. The q u a n t i t i e s  e, m and h a r e  the  e l e c t r o n  charge, e l e c t r o n  mass 

and t, a r e  c l a s s i c a l  t u r n i n g  p o i n t s  i n  the  b a r r i e r  p e n e t r a t i o n  2 

e 

and P l a n c k ' s  cons tan t ,  r e s p e c t i v e l y .  

i s  made here,  they do show one e x p l i c  

dependence o f  t he  c u r r e n t  on t h e  phys 

25 

N h i l e  no f u r t h e r  use o f  the above exDressions 

t c u r r e n t - v o l t a g e  r e l a t i o n  and i n d i c a t e  some 

c a l  dimensions o f  t he  j u n c t i o n  o f  the d iode.  



I t  i s  then assumed t h a t  the  c u r r e n t ,  I ,  through the  d iode c o n s i s t s  o f  an 

e x t e r n a l  b ias ,  ib, p l u s  c u r r e n t s  which the  l a s e r  r a d i a t i o n  induces i n  the  

antennas. For example, 

I = '  + 
' b  

This  c u r r e n t  and the tunnel1 

the v o l t a g e  as a f u n c t i o n  o f  

v = 9 0 )  

cosw t + i cosw t ' 1  1 2 2 

ng c u r r e n t  express ions a r e  comb 

c u r r e n t  

ned t o  g i v e  

where g ( l )  i s  a non - l i nea r  f u n c t i o n  o f  the t o t a l  c u r r e n t .  

The ha rmon i c genera t i o n  i s mat hamat i ca 1 1 y ev iden t  when g ( I ) i s expanded 

i n  a Tay lo r  s e r i e s  about the  b i a s  c u r r e n t ,  ib. 

The general  term corresponding t o  the  n t h  harmonic has no t  been shown 

s ince  we can i l l u s t r a t e  ou r  immediate use w i t h  t he  second o rde r  term. For 

s t a b i l i z a t i o n  o f  the  CO l a s e r ,  we have no t  found i t  necessary t o  use an 

e x t e r n a l  b i a s i n g  c u r r e n t  on the  diode; hence i equals  zero.  An examinat ion b 
2 
2 the second o r d e r  term i n d i c a t e s  cons tan t  terms p r o p o r t i o n a l  t o  i2 and i 1 

as w e l l  as terms i n v o l v i n g  sum, d i f f e r e n c e ,  and doubled f requenc ies .  These 

cons tan t  terms represent  r e c t i f i e d  o p t i c a l  s i g n a l s  and can be used t o  

advantage t o  m o n i t o r  c o u p l i n g  o f  a p a r t i c u l a r  r a d i a t i o n  t o  the  d iode.  

Th is  i s  accomp1,ished by chopping the  l a s e r  r a d i a t i o n  and a d j u s t i n g  the  

o p t i c s  f o r  a maximum va lue  o f  t he  modulated r e c t i f i e d  vo l tages  on an 

y i n d i c a t e d  i n  F ig .  8 ) ,  which shows r e c t i f i e d  

ng beat notes.  

osci 1 

s igna 

i scope, ( t y p  i c a  1 

s and the  r e s u l t  

26 



F igu re  8. R e c t i f i e d  vo l tages  fo r  CO and C O  l a s e r s  on a meta l  o x i d e  
metal  d iode.  
per  d i v i s i o n  sca le .  
0.5 mV sca le .  c )  Beat no te  a t  30 MHz when a 46 GHz s igna 
f rom a k l y s t r o n  a d d i t i o n a l l y  i r r a d i a t e d  t h e  d iode.  Signa 
t o  n o i s e  r a t i o  fo r  t h e  beat  no te  i s  30 db and d i s p e r s i o n  s 
1 MHz/d iv is ion.  The spectrum ana lyzer  bandwidth i s  100 kHz 
and sweep t ime i s  1 ms per  d i v i s i o n .  

a)  R e c t i f i e 8  CO induced v o l t a g e  on a 5 mV 
b)  R e c t i f i e d  CO induced s i g n a l  on a 

27 



The c o e f f i c i e n t s  o f  t h e  frequency sum and d i f f e r e n c e  terms a r e  propor-  

t i o n a l  t o  t h e  product  o f  t h e  two l a s e r  induced c u r r e n t  ampl i tudes.  Thus, 

by compensating w i t h  increased power from one l a s e r ,  m i x i n g  exper iments can 

be done even though t h e  o t h e r  l a s e r  induced s i g n a l  may be weak. S i g n i f i c a n t  

n o n - l i n e a r i t i e s ,  such as burning-up of t h e  tungsten antenna, w i l l  u l t i m a t e l y  

l i m i t  t h e  e x t r a p o l a t i o n  of t h i s  technique. H o p e f u l l y ,  power compensation 

by one o f  t h e  syn thes i s  l a s e r s  may h e l p  s o l v e  t h e  problem o f  measuring t h e  

f requency o f  t h e  r e l a t i v e l y  low power, s p i n - f l i p  l a s e r .  We d e f e r  t h a t  

d i s c u s s i o n  u n t i l  t he  l a t t e r  p a r t  o f  t h i s  s e c t i o n .  

I n  o r d e r  t o  see t h e  d e s i r e a b i l i t y  f o r  IFS techniques w i t h  t h e  s t a b i l i z e d  

CO l a s e r s  i n  o u r  spectrometer,  we need o n l y  cons ide r  some o f  the  p r o p e r t i e s  

o f  C O  and C O  l a s e r s .  

2 

2 

The C O  l a s e r  i s  unique i n  t h a t  i t  has over  100 l i n e s  (more o r  l e s s  2 

u n i f o r m l y  spaced) ex tend ing  from 9 t o  11 um, a l l  o f  which can be s t a b i l i z e d  

t o  standing-wave s a t u r a t i o n  resonances observed i n  the  4.3 pm f l u o r e s c e n t  

r a d i a t i o n .  the f r a c t i o n a l  frequency v a r i a t i o n  o f  l a s e r s  s t a b i l i z e d  i n  t h i s  

way a t  t h e  N a t i o n a l  Bureau o f  Standards4 i s  3 x 10 

I t  i s  es t ima ted  t h a t  t h e  f r a c t i o n a l  u n c e r t a i n t y  i n  t h e  r e s e t a b i l i t y  o f  each 

CO 

l i n e s  a r e  known t o  w i t h i n  about one p a r t  i n  10 . 

- 

- 1 1  -+ 
T f o r  < T > 10s. - -  

l a s e r  i s  about 2 x l0'lo. F u r t h e r ,  t h e  a b s o l u t e  f requencies of these 2 
9 

The l i n e s  i n  t h e  CO l a s e r  do n o t  have t h e  same d e s i r a b l e  s e p a r a t i o n  as 

2 i n  C02; i n  f a c t  many t r a n s i t i o n s  n e a r l y  o v e r l a p ,  and u n f o r t u n a t e l y  t h e  CO 

s t a b i l i z a t i o n  technique cannot be used f o r  C O .  We have used an a l t e r n a t i v e  

s t a b i l i z a t i o n  procedure f o r  CO, as shown i n  F i g .  1 .  Here t h e  CO l a s e r  i s  

locked t o  a f requency which has been synthes ized from t h e  second harmonic 

o f  a s t a b i l i z e d  C02 l a s e r  and an a p p r o p r i a t e  microwave frequency. Both t h e  

2nd harmonic genera t i on  and t h e  m i x i n g  a r e  done s imu l taneous ly  i n  t h e  p o i n t  
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c o n t a c t  d iode w i t h  t h e  p r o p e r t i e s  i n d i c a t e d  i n  the  c a p t i o n  o f  F ig .  8. Over 

100 CO l i n e s  l i e  w i t h i n  40 GHz o f  t he  second harmonic o f  some C O  l a s e r  l i n e  

and may be s t a b i l i z e d  i n  t h i s  manner. The CO l a s e r  would then have n e a r l y  

2 

the  same long term s t a b i l i t y  as C O  and i t s  abso lu te  frequency would be known 

t o  w i t h i n  a p a r t  i n  10 . Th is  procedure increases the  u t i l i t y  o f  the CO 

2 '  
9 

l a s e r  as a pump f o r  a tunable Raman s p i n  f l i p  l a s e r  t o  be used f o r  h i g h  

r e s o l u t i o n  spectroscopy. A lso,  as a mon i to r  o f  t he  C O  l a s e r  ope ra t i on ,  one 

can observe the  o u t p u t  from the d iode and make a p p r o p r i a t e  adjustments t o  

i n s u r e  t h a t  t he  CO l a s e r  i s  o p e r a t i n g  i n  a s i n g l e  mode and on a s i n g l e  t r a n s i -  

t i o n ,  

The problem o f  measuring the  d i f f e r e n c e  frequency between the pump l a s e r  

and the SFRL o u t p u t  i s  compl icated by t h r e e  f a c t o r s .  F i r s t ,  t he  s p i n  f l i p  

and pump s i g n a l s  have m u t u a l l y  or thogonal  p o l a r i z a t i o n s ,  which o r i g i n a l l y  

presented d i f f i c u l t i e s  i n  c o u p l i n g  t o  the d iode antenna. Second, the  power 

o u t p u t  f rom the  SFRL i s  low compared t o  l e v e l s  g e n e r a l l y  used f o r  syn thes i s  

i n  MOM diodes. T h i r d ,  t he  l a r g e  c o l  i n e a r l y - t r a n s m i t t e d  pump power makes 

focus ing  the weak SFRL o u t p u t  beam on the  d iode d i f f i c u l t .  

Long w i r e  antenna theo ry  i n d i c a t e s  t h a t  f o r  bes t  c o u p l i n g  the antenna 

should be r o t a t e d  i n  t h e  p lane  o f  p o l a r i z a t i o n  by the  ang le  Om w i t h  respect  

t o  the  beam d i r e c t i o n .  l l o rma l l y ,  o u r  d iode  ho lde rs  have p r o v i s i o n  f o r  

r o t a t i o n  i n  the  h o r i z o n t a l  p lane  o n l y .  A tapered f i x t u r e  which t i p s  the 

d iode  down 11 '  i n  t h e  v e r t i c a l  p lane  w h i l e  m a i n t a i n i n g  an 11 p r o j e c t i o n  
0 

i n  the  h o r i z o n t a l  p lane w i t h  respect  t o  the  beam d i r e c t i o n  has p e r m i t t e d  

5 pm s i g n a l s  w i t h  e i t h e r  p o l a r i z a t i o n  t o  be coupled t o  the  d iode.  

An lnSb c r y s t a l  w i t h  an e l e c t r o n  c o n c e n t r a t i o n  around 4 x d5 cm-3 

has a maximum i n  the  power o u t p u t  curve a t  about 0.2 Tesla as i n d i c a t e d  i n  

15 F i g .  3. We have used a c r y s t a l  w i t h  a c a r r i e r  c o n c e n t r a t i o n  o f  2 . 5  x 10 
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a t  the d iode j u n c t i o n  by focus ing  i t  

S u f f i c i e n t  t r a n s m i t t e d  pump power (a 

pump and SFRL s i g n a l s  a r e  n o t  genera 

and o b t a i n e d  an es t imated  30 mw maximum ou tpu t  power near 0.205 Tesla.  

Th is  p o i n t  o f  o p e r a t i o n  

the CO pump and the  SFRL i s  p r e d i c t e d  t o  be about 150 GHz corresponding t o  

the 2nd harmonic o f  an a v a i l a b l e  k l y s t r o n .  Since the  power a v a i l a b l e  from 

the SFRL i s  low, i t  i s  deemed d e s i r a b l e  t o  keep the m ix ing  o rde r  as l o w  

as p o s s i b l e  i n  the  i n i t i a l  exper iments.  The SFRL power d e n s i t y  i s  increased 

i s  se lec ted  s ince  the frequency d i f f e r e n c e  between 

down w i t h  a 2.5 cm f o c a l  l e n g t h  lens.  

though the  r a d i i  o f  cu rva tu re  o f  the  

l y  equaI )migh t  a l s o  be coupled to the d iode 

through the  same lens  t o  produce a beat  no te  between the l a s e r  and the  

75 GHz k l y s t r o n .  

d i f f e r e n c e  i n  t h i s  manner. 

We a r e  e x p l o r i n g  the  p o s s i b i l i t y  o f  measuring the f requency 

Whi le  the  MOM d iode has cons iderab le  p o t e n t i a l  f o r  heterodyning the 

SFRL s i g n a l ,  a r e l i a b l e  procedure needs t o  be developed f o r  coup l i ng  the  

l a s e r  s i g n a l  t o  the  diode. Some of t h i s  development i nvo l ves  improvements 

An e x t e r n a l  resonator  c o n f i g u r a t i o n  would pe rm i t  

on o f  the  SFRL, a s i n g l e  wave f r o n t  f o r  c o u p l i n g  t o  the  

y g r e a t e r  power ou tpu t .  The i n c l u s i o n  o f  a Brewster angle 

window w i t h i n  the  resonator  c o u l d  a l s o  r e f l e c t  some o f  t he  troublesome 

t r a n s m i t t e d  pump r a d i a t i o n  from t h e  beam. An a d d i t i o n a l  improvement would 

be t o  b r i n g  t h e  pump and s p i n  f l i p  beam t o  the  d iode a long separate pa th  

lengths  as proposed i n  F ig .  17, f o r  example. Separate focus ing  would a f f o r d  

some c o n t r o l  over  the  r e l a t i v e  powers, p e r m i t  parameters t o  be eva lua ted  

on a q u a n t a t i v e  bas is ,  and pave the  way f o r  r o u t i n e  heterodyning procedures. 

i n  the  SFRL i t s e l f  

s i n g l e  mode opera t  

d iode, and hopefu l  

- .- 
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5. OPTO-ACOUST I C DETECTOR 

The development of air pollution monitoring equipment capable of detecting 

the presence of atmospheric trace constituents at concentrations as low as one 

part per billion has led to a number of highly sensitive measurement techni- 

ques. One such device developed on our laboratory and elsewhere is the 

resonant opto-acoustic detector. 

In this device a confined gas is irradiated by a laser tuned to a vibra- 

tional frequency of the molecules in the gas, and consequently, some o f  the gas 

molecules reach an excited state. Subsequent collisional de-excitation of 

these molecules results in a thermalization of the absorbed energy and there- 

fore a pressure rise in the gas. Thus, modulation of the intensity of the 

irradiating laser produces pressure fluctuations which may be detected by a 

suitably mounted microphone. If, in addition, the laser is modulated at a 

frequency which corresponds to one of the natural acoustic resonances of the 

gas confining cavity, the acoustic signal generated will be enhanced by an 

amount proportional to the cavity Q, thus, preatly increasing the system 

sensitivity. The basic features o f  such a system are illustrated schematically 

in Fig. 9 (details available e l s e ~ h e r e ) ~  which shows a cylindrical sample 

cav i 

Fig. 

the 

form 

y with a microphone mounted flush with the cylindrical wall. In addition, 

9 indicates that we have greatly enhanced the chance for absorption of 

rradiating laser beam by multiply reflecting it between two mirrors 

ng the end walls of the cavity, thus further increasing the system 

detection sensitivity. 

Measurements with this system have demonstrated acoustic Q ' s  exceeding 

750 and detection linearity for all absorber gas concentrations below a 

saturation threshold which corresponds roughly to an absorption coefficient 

of 6 x lo-' cm-l. Since the opto-acoustic detection sensit vity is directly 

proportional to the absorbed infrared energy, direct compar son with conven- 
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t i o n a l  measurement techniques which depend o n l y  upon f r a c t i o n a l  a b s o r p t i o n  i s  

somewhat d i f f i c u l t .  Measurements t o  d a t e  i n d i c a t e ,  however, t h a t  a s i g n a l  t o  

n o i s e  r a t i o  of 1 i s  achieved a t  a bandwidth of 1 Hz, w i t h  a 1 w a t t  i r r a d i a t i n g  

l a s e r  and a gas f i l l  hav ing an a b s o r p t i o n  c o e f f i c i e n t  o f  3 x 10 

53,000 Pa (400 T o r r ) .  

d e t e c t i o n  system would r e q u i r e  an e f f e c t i v e  a b s o r p t i o n  p a t h  l e n g t h  o f  -100 meters 

compared t o  t h e  20 cm op to -acous t i c  a b s o r p t i o n  c e l l .  

-0 - 1  
cm a t  

To achieve comparable s e n s i t i v i t y ,  a conven t iona l  abso rp t i on  

The op to -acous t i c  system thus c u r r e n t l y  d i s p l a y s  a l i n e a r  d e t e c t i o n  

range exceeding 7 o r d e r s  o f  magnitude. The system n o i s e  i s  c u r r e n t l y  dominated 

by e l e c t r o n i c  a m p l i f i e r  n o i s e  whereas the  fundamental l i m i t a t i o n  i s  the 

thermal a c o u s t i c  n o i s e  on the  microphone element i t s e l f .  Improvements i n  

microphone and e l e c t r o n i c  des ign should a l l o w  us t o  reach t h i s  fundamental 

l i m i t a t i o n .  Improvements i n  t h e  c a v i t y  o p t i c a l  des ign should a l s o  r e s u l t  i n  

g r e a t e r  system u l t i m a t e  s e n s i t i v i t y .  

Since the  d e t e c t i o n  system r e q u i r e s  the convers ion from v i b r a t i o n a l  

e x c i t a t i o n  t o  random thermal energy v i a  a gas k i n e t i c  c o l l i s i o n  mechanism, 

some loss i n  system s e n s i t i v i t y  i s  bound t o  occur as the  c e l l  pressure and 

thus t h e  mo lecu la r  c o l l i s i o n  f requency i s  reduced. We have, however, made 

r e l a t i v e l y  low l e v e l  a b s o r b t i o n  measurements a t  pressures as low as 700 Pa ( 5  T o r r )  

i n d i c a t i n g  t h a t  measurements even a t  low pressures may be made by the op to -  

a c o u s t i c  technique.  More work i n  t h i s  area i s  needed t o  see i f  s p e c i a l i z e d  

microphone des ign c o u l d  improve t h e  low p ressu re  measuremenr c a p a b i l i t i e s .  

A d e v i c e  such as t h i s  o f f e r s  advantages on two counts.  One, m a t e r i a l s  hav ing 

low vapor pressure a t  room temperatures c o u l d  be i n v e s t i g a t e d  and two, p a r t i -  

c u l a t e  s c a t t e r i n g  (which c o u l d  be a problem i n  t ransmiss ion  spectroscopy) 

does n o t  adve rse l y  a f f e c t  o p e r a t i o n .  A spectrum ob ta ined  by u s i n g  the 

op to -acous t i c  d e t e c t o r  and s p i n  f l i p  l a s e r  i s  shown i n  the  nex t  sect ion.  

3 3  



6 .  ENVIRONMENTAL PROBLEMS 

The s p i n  f l i p  l a s e r  ( i n c l u d i n g  the  CO pump), op to -acous t i c  d e t e c t o r ,  a 

s t a b i l i z e d  CO l a s e r ,  and some a d d i t i o n a l  i n f r a r e d  frequency syn thes i s  apparatus 

a r e  assembled i n t o  the  system shown i n  F ig .  10. 

2 

A s t a b i l i z e d  CO l ase r ,  microwave source, and p o i n t  c o n t a c t  d iode a r e  

used t o  syn thes i ze  a s u i t a b l e  re fe rence  to  f requency o f f s e t  l o c k  the  CO l a s e r .  

For example, P(17) i n  the  8 t o  7 band for  t h e  CO l a s e r  i s  s t a b i l i z e d  by 

o p e r a t i n g  the  CO l a s e r  on ~ ( 1 8 )  i n  t h e  10.6 pm band and phase l o c k i n g  the  

microwave o s c i l l a t o r  t o  46.608 GHz. 

i r r a d i a t e  the  d iode,  a 30 MHz beat  n o t e  i s  produced which i s  used t o  s t a b i l i z e  

the  C O  l a s e r  frequency. The c o r r e c t i o n  v o l t a g e  generated by a convent iona l  

2 

2 

\,!hen these t h r e e  o s c i l l a t o r s  s imu l taneous ly  

d i s c r i m i n a t o r  i s  a m p l i f i e d  and a p p l i e d  to  a p i e z o e l e c t r i c  t ransducer  on the  

CO l a s e r .  S t a b i l i z a t i o n  of o t h e r  CO l a s e r  l i n e s  r e q u i r e s  a d d i t i o n a l  k l y s t r o n s .  

A re fe rence o s c i l l a t o r  and power a m p l i f i e r  c o n t r o l  t he  speed o f  the 

synchronous motor which d r i v e s  the  chopper. The chopping a t  the  op to -  

a c o u s t i c  d e t e c t o r  frequency i s  done preceeding the  lnSb sample t o  min imize  

hea t ing  o f  the  c r y s t a l  i n  the  c o l d  f i n g e r  c o n f i g u r a t i o n .  The beam from 

a l i g h t - e m i t t i n g  d iode i s  a l s o  chopped, and t h i s  s i g n a l  p rov ides  the  re fe rence  

f o r  the  phase d e t e c t o r .  

The s i g n a l  from the  op to -acous t i c  d e t e c t o r  i s  a l s o  fed  t o  a phase d e t e c t o r ,  

and i t s  o u t p u t  i s  f e d  t o  the  Y-ax is  o f  an X - Y  reco rde r .  The X-ax is  i s  d r i v e n  

by a s i g n a l  d e r i v e d  f rom a H a l l  probe i n  t h e  magnet. 

I n  an a l t e r n a t e  s imp le  a b s o r p t i o n  exper iment ,  a mirror i s  used t o  d i r e c t  

the  s p i n  f l i p  o u t p u t  th rough a 10-cm-long a b s o r p t i o n  c e l l  equipped w i t h  

Brewster  windows. The f i l t e r  may be a monochromator, and the  d e t e c t o r  

c u r r e n t l y  i n  use i s  a gold-doped germanium d iode.  

34  



V as 
U N  ul .- - 

I r 

0 
c 

35  



The a p p l i c a t i o n  o f  t he  f i r s t  scheme t o  d e t e c t i o n  o f  p o l l u t a n t s  i s  

demonstrated by t h e  n i t r i c  o x i d e  spectrum i n  F i g .  1 1 .  

a l a r g e  number o f  s t r o n g  l i n e s  w i t h i n  the  f requency c a p a b i l i t y  o f  the 

system. T u n a b i l i t y  o f  t h e  s p i n  f l i p  l a s e r  p e r m i t s  s e l e c t i o n  o f  a t r a n s i t i o n  

which avoids the  s p e c t r a l  l i n e s  o f  o t h e r  p o l l u t a n t s .  By t u n i n g  the  l a s e r  t o  

the  R ( 4 )  t r a n s i t i o n ,  a s e n s i t i v i t y  o f  one p a r t  i n  of NO can be achieved 

i i i t r i c  ox ide29 has 

w i t h  a 30 mW SF s i g n a l .  

The o p e r a t i n g  pressures i n  the opto-acoust  i c  c e l l  (about 6,700-53,300 

Pa o r  50-400 T o r r  o f  b u f f e r  gas) so f a r  have prec luded h i g h - r e s o l u t i o n  non 

pressure-broadened spectroscopy. However t h e  s p i n  f l i p  l a s e r  does have t h  

c a p a b i l i t y .  T h i s  r e s o l u t i o n  i s  demonstrated i n  F i g .  12 where the  a l t e r n a t e  

system has been p u t  i n t o  u s e .  

The system i s  n o t  l i m i t e d  t o  use f o r  d e t e c t i o n  or i d e n t i f i c a t i o n  o f  

5 

p o l l u t a n t s  which have a fundamental band o v e r l a p i n g  the  5 . 3  pm reg ion .  For 

example seve ra l  molecules have ove r tone  bands which a l s o  f a l l  w i t h i n  t h i s  

reg ion .  A s  an example, the spectrum o f  S O 2  i s  shown i n  F i g .  1 3 .  

c h a r a c t e r i s t i c  s i g n a t u r e  o f  S O  i n  t h i s  r e g i o n  p rov ides  an i n t e r e s t i n g  c o n t r a s t  

w i t h  the  s imple and w e l l  known spec t ra  o f  NO i n  F i g .  1 1 .  

T h i s  

2 

F i n a l l y  we p o i n t  o u t  the p o t e n t i a l  f o r  chemical  k i n e t i c s  i n v e s t i g a t i o n s  

i n  t h i s  r e g i o n .  Due t o  t h e  g r e a t  s e l e c t i v i t y  and h i g h  s e n s i t i v i t y  f o r  

mo lecu la r  d e t e c t i o n  achieved w i t h - t h e  tunab le  I R  r a d i a t i o n  o f  t h e  SF l a s e r ,  

t h i s  system should prove e x c e l l e n t  f o r  chemical  k i n e t i c s  s t u d i e s .  Once an 

a p p r o p r i a t e  s p e c t r a l  f e a t u r e  has been chosen, i t  can be moni tored q u a n t i t a t i v e l y  

throughout  t h e  r e a c t i o n  p r o v i d i n g  t h e  frequency o f  t he  SF s i g n a l  does n o t  

change. T h i s  i s  assured by t h e  f requency l o c k i n g  servo on t h e  C O  l a s e r  
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and the  feedback c o n t r o l  which m a i n t a i n s  t h e  magnet ic f i e l d  a t  a cons tan t  

va lue.  

E i t h e r  t h e  op to -acous t i c  d e t e c t o r  or  the s imp le  a b s o r p t i o n  c e l l  may be 

used t o  mon i to r  t h e  gas c o n c e n t r a t i o n  i n  a f l o w  tube system.30 The op to -  

a c o u s t i c  d e t e c t o r ,  however, un less  m o d i f i e d  t o  o b t a i n  low tu rbu lence  f l o w  

c h a r a c t e r i s t i c s ,  i s  s u i t a b l e  o n l y  f o r  ve ry  low f l o w  v e l o c i t i e s  and hence 

measurement o f  s low r e a c t i o n s .  Because o f  t h i s  c o n s t r a i n t ,  a f l ow  tube 

system i n c o r p o r a t i n g  an a b s o r p t i o n  c e l l  i s  c u r r e n t l y  under c o n s t r u c t i o n  t o  

s tudy k i n e t i c s  o f  some o f  t he  f r e e  r a d i c a l s  d e t e c t a b l e  w i t h i n  t h e  a v a i l a b l e  

t u n i n g  range o f  t he  SF l a s e r .  

7 .  METROLOGY P R O B L E M S  

M o s t  o f  t h e  techno o g i c a l  problems t h a t  t h e  spectrometer c o u l d  h e l p  

s o l v e  would i n v o l v e  mak ng a b s o l u t e  f requency measurements. One category 

would be t o  p r o v i d e  r e f e r e n c e  o r  bench mark f requenc ies  t h a t  d iode  l a s e r  

users c o u l d  f i n d  b e n e f i c i a l .  Diode l a s e r s  a t  present  do n o t  have s u f f i c i e n t  

power t o  use w i t h  meta l -ox ide-meta l  d iodes, and w h i l e  they do a f f o r d  e x c e l l e n t  

31 
p o t e n t i a l  f o r  h i g h  r e s o l u t i o n ,  they a p p a r e n t b a r e  n o t  e x a c t l y  reprodu 

from day t o  day i n  rega rd  t o  t h e i r  f requency-current  r e l a t i o n s .  Large 

f a c i l i t i e s  where d iodes a r e  i n  use a r e  f o r c e d  t o  r e f e r  a l l  measurements 

an i n t e r n a l  s tandard whose a b s o l u t e  f requency i s  n o t  known. F i g .  14 
32 

i b l e  

t o  

rid i c a  tes  

t h e  type o f  spectrum t h a t  c o u l d  be u s e f u l  a s  a r e f e r e n c e  i n  reg ions  where 

the  s p i n  f l i p  l a s e r  operates.  

A second ca tegory  o f  exper iments i s  r e l a t e d  t o  some c u r r e n t  a c t i v i t i e s  

33 
r e g a r d i n g  i so tope  s e p a r a t i o n  and a r e l a t e d  c l a s s  of two-photon exper iments 

i n v o l v i n g  CO l ase rs .  Since t h e  C02 l a s e r  has v e r y  d e s i r e a b l e  p r o p e r t i e s ,  2 
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such as h i g h  e f f i c i e n c y ,  h i g h  power, c l e a n l y  separated t r a n s i t i o n  f requenc ies  

and s c a l e a b i l i t y ,  severa l  proposals  have been pu t  f o r t h  t o  use CO l a s e r s  t o  

c o n s t r u c t  an opt ica l ly -pumped NH l a s e r  i n v o l v i n g  two inpu t  CO photons and 

3 ’  to  ge t  16 um l a s e r  a c t i o n  from the NH 

diagram i n  F i g .  15. Since the two photon t o t a l  t u n a b i l i t y  i s  about 100 MHz, 

2 

3 2 

as i n d i c a t e d  by the  energy l e v e l  34 

the  energy l e v e l s  must be known t o  t h i s  accuracy.  The 5.3 um opera t i on  o f  

the s p i n  f l i p  l a s e r  over laps  a l a r g e  p o r t i o n  o f  the f requency r e g i o n  equal 

t o  two C 0 2  l a s e r  photons. 

F i g .  16 i n d i c a t e s  the spectrum o f  NH obta ined w i t h  our  spectrometer 3 
The increased r e s o l u t i o n  o f  the s p i n  f l i p  l a s e r  produces about ten  t imes 

35 
more l i n e s  than were ob ta ined by prev ious  means i n  the reg ion  where the 

bpect ra ove r lap .  The spectrum shown c o n s i s t s  o f  some v t r a n s i t i o n s ,  however, 

the m a j o r i t y  o f  the l i n e s  r e s u l t  from the  v mode36 and the  spectrum w i l l  

r e q u i r e  c o n s i d e r a b l e  e f f o r t  t o  un rave l .  

2 

4 

I n  o rde r  t o  e x p l a i n  t h i s  spectrum and o b t a i n  some u s e f u l  parameters, 

one would l i k e  t o  make accura te  f requency measurements on some o f  the  l i n e  

p o s i t i o n s .  There a r e  

used here. 

One method which 

severa l  accuracy l e v e l s  and techniques t h a t  can be 

has been used a t  H e r i o t  Watt3’ and cou ld  be pu t  t o  

use here i s  t o  use a known c a l i b r a n t  ( t h e  NO spectrum i n  F ig .  1 1  for 

example) a long  w i t h  a low f i n e s s e  Fabry Pero t  c a v i t y  f o r  i n t e r p o l a t i o n .  

The unknown spectrum i s  compared w i t h  t he  c a l i b r a n t  over  i d e n t i c a l  pump 

frequency and magnet ic f i e l d  reg ions .  

A p r e f e r a b l e  bu t  more d i f f i c u l t  technique (and the  one we a r e  work ing 

toward here) i s  t o  rep lace  the  wavelength met ro logy  w i t h  f requency met ro logy  

by a i n c o r p o r a t i n g  the f requency syn thes i s  technology i n t o  the  system. 
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1980 1875 1890 183s 

I 
1 c70 

F igu re  16. 

1850 1845 1160 IC55 
FREOUENCY. cm-'  

P r e l i m i n a r y  spectrum of 1% NH i n  13,300 Pa (100 T o r r )  N m i x t u r e  i n  op t0  
3 2 

a c o u s t i c  d e t e c t o r .  Spectrum c o n s i s t s  ma in l y  o f  v4 and 2v2 t r a n s i -  

t i o n s  i n  NH The s p i n  f l i p  l a s e r  was opera ted  i n  the  quasi  cont inuous 

( s p i n  sa tu ra ted )  regime w i t h  a l i n e w i d t h  the  o r d e r  o f  300 MHz; a ve ry  

u s e f u l  mode f o r  survey work. Several d i f f e r e n t  pump l i n e s  were used 

t o  o b t a i n  spec t ra  i n  t h e  v a r i o u s  23 cm-l reg ions  t h a t  a 1 Tes la 

sweep produces, then the  t races  were subsequently j o i n e d  toge the r .  A 

f u t u r e  improvement w i l l  c o n s i s t  o f  n o r m a l i z i n g  the  a b s o r p t i o n  s i g n a l s  

by a r a t i o  d e t e c t i o n  scheme i n  o r d e r  t o  s i m p l i f y  the  assignment o f  

t r a n s  i t ions.  

3 '  
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A b l o c k  diagram fo r  a scheme c u r r e n t l y  under i n v e s t i g a t i o n  i s  shown i n  F i g .  

17.  The s p i n  f l i p  l a s e r  i s  tuned t o  some resonance f e a t u r e  i n  the gas 

under i n v e s t i g a t i o n ,  and t h e  s p i n  f l i p  l a s e r  frequency i s  measured r e l a t i v e  

t o  the  CO pump frequency. The CO pump frequency i s  known s i n c e  i t  i s  f requency 

locked t o  a C O  based reference.  T h i s  CO l a s e r  s t a b i l i z a t i o n  has a l ready  

been accomplished. \ h e  more d i f f i c u l t  measurement i s  t he  C O  - SF frequency 

2 
-. 

e d i f f e r e n c e .  S ince the  pump e l e c t r i c  f i e l d  and t h e  SFRL f i e l d  a r e  presumab 

p o l a r i z e d  o r t h o g o n a l l y ,  t h e  use o f  t he  Brewster angle beam s p l i t t e r  should 

e f f e c t i v e l y  separate the  t w o  s i g n a l s  and pe rm i t  one to b r i n g  the  two signa 

t o  the d iode independent ly.  The major d i f f i c u l t y  t o  da te  has been the  

r e l a t i v e l y  low SFRL o u t p u t  power. We have achieved 30 mw near resonance, 

b u t  the power drops o f f  toward longer  wavelengths. The diodes seem t o  

S 

operate r e l i a b l y  w i t h  about 100 mw of power focused through an F5 lens.  Ve 

have succeeded i n  obse rv ing  a r e c t i f i e d  s i g n a l  from t h e  SFRL r a d i a t i o n .  

The amp l i t ude  of  t h i s  s i g n a l  was l e s s  than 109 UV. 

The low power f rom the  SFRL may be p a r t l y  caused by bounce modes 

which approach the  lnSb su r face  i n t e r n a l l y  a t  an angle Greater  c r i t i c a l  angle 

and a r e  permanently i n t e r n a l l y  r e f l e c t e d  u n t i l  they come t o  a co rne r .  

The most p romis ing  answer to  the problem appears t o  be t h a t  o f  e x t e r n a l  c a v i t y  

o p e r a t i o n . j 9  

b u t  a l s o  a narrower l i n e w i d t h  s ince  bounce modes would be e l i m i n a t e d .  An 

a l t e r n a t e  s o l u t i o n  for  t h e  CO pump-SFRL frequency d i f f e r e n c e  measurement 

might  be a f a s t  s o l i d  s t a t e  d e t e c t o r  which r e q u i r e s  cons ide rab ly  l ess  power 

f o r  o p e r a t i o n .  To date,  even the  best o f  these, however, has o n l y  65 GHz 

o r  so bandwidth. Thus, the much w ide r  bandwidth o f  t he  MOM diode makes i t  

p r e f e r a b l e  a t  p resen t ,  and we a r e  c o n t i n u i n g  i n  t h i s  d i r e c t i o n .  

33 

V i t h  t h i s  o p e r a t i o n  one expects no t  o n l y  h i g h e r  o u t p u t  power, 
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I n  summary, we make the  f o l l o w i n g  p o i n t s  about the  spect rometer :  

1 .  The system has developed t o  the  p o i n t  where the  s p i n  f l i p  l a s e r  

o p e r a t i o n  i s  r o u t i n e ,  and f u r t h e r  improvements i n  performance r e q u i r e  

e x t e r n a l  cav t y  o p e r a t i o n .  2.  The present  system i s  use fu l  f o r  survey work 

where opera t  on i s  i n  the  s p i n  s a t u r a t i o n  mode and t u n i n g  i s  quasi  cont inuous 

w i t h  a l i n e w  d t h  o f  about 300 MHz. 3 .  The system can now be operated i n  a 

mode modulated fash ion  w i t h  a r e s o l u t i o n  o f  b e t t e r  than 0.91 cm . 4. By 

u s i n g  a r a t i o  d e t e c t i o n  scheme now on hand, one can measure chemical r e a c t i o n  

r a t e s  i f  one o f  t he  r e a c t a n t s  has a s p e c t r a l  f e a t u r e  i n  the  1900-1840 cm 

region.  5 .  A n  a d d i t i o n a l  e f f o r t  i s  r e q u i r e d  t o  develop the a b s o l u t e  frequency 

measurement capabi 1 i t y .  

- 1  

- 1  
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